Dark sectors with strong interactions have received considerable interest. Assuming the existence of a minimally coupled dark sector which runs to strong interactions in the infrared, we address the question whether the scaling behavior of this dark sector can be observed in missing energy signatures at present and future hadron colliders. We compare these findings to the concrete case of self-interacting dark matter and demonstrate that the energy dependence of high-momentum transfer final states can in principle be used to gain information about the UV structure of hidden sectors at future hadron colliders, subject to large improvements in systematic uncertainties, which could complement proof-of-principle lattice investigations. We also comment on the case of dark Abelian U (1) theories.
I. INTRODUCTION
Astronomical observations strongly indicate the existence of dark matter [1, 2] . Many extensions of the Standard Model (SM) take this into account by incorporating a so-called dark sector: a sector of particles that are not charged under the SM gauge interactions. The interactions of the dark sector can be protected by global symmetries and the particles can have a long lifetime, thus providing plausible dark matter candidates. Phenomenologically nontrivial and hence collider-relevant theories do not completely decouple the dark sector, but introduce interactions with the Standard Model fields through the exchange of a mediator of a yet unknown force. At the renormalisable level such an interaction can be facilitated by U (1) mixing [3] [4] [5] or a so-called Higgs portal interaction for the SM field content [6] [7] [8] .
Recently, dark sectors with strongly interacting particles have become of interest. Nonobservation of smoking gun signatures predicted by solutions inspired by the WIMP miracle has spurred dark matter (DM) model building to explore different directions, further supported by astrophysical measurements that could be explained by complex, non-weakly-interacting dark sectors.
One avenue is to predict the existence of selfinteracting dark matter, thereby addressing e.g. the core vs cusp [9] , too-big-to-fail [10] , missing satellite [11] and Tully-Fisher Galaxy Halo [12] [13] [14] problems simultaneously. The existence of complex dark sectors is further motivated by the fact that there is no a priori reason why dark matter interactions should exhibit a trivial interaction structure in comparison to the SM, which only makes up for 15% of the Universe's baryonic matter content. In self-interacting DM scenarios an energy trans- * Electronic address: christoph.englert@glasgow.ac.uk † Electronic address: k.nordstrom.1@research.gla.ac.uk ‡ Electronic address: michael.spannowsky@durham.ac.uk fer from the outer hotter region of the halo to the central colder region can produce a core structure in agreement with current observations. In addition, the number of Milky Way satellite galaxies is significantly reduced. However, to allow self-interaction of dark matter particles to explain these observations without being excluded by others requires a large interaction cross section of 0.1 cm 2 /g ≤ σ/m ≤ 10 cm 2 /g [15] [16] [17] [18] , where m denotes the dark matter candidate mass.
A strongly interacting, potentially nonminimal, dark sector can give rise to composite DM and dark atoms [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] resulting in a rich phenomenology.
While the very existence of dark matter is a strong indication of the presence of a secluded sector, dark sectors are also motivated beyond the realm of dark matter. Portal-type interactions have been motivated in generic hidden valley scenarios [59, 60] , dark energy model building [61, 62] , as well as conformal SM extensions to tackle the hierarchy problem [63] [64] [65] [66] with potential links to leptogenesis [67] and inflation [68] . Dark sectors and their interaction with the SM spectrum can therefore be considered as versatile tools to tackle apparent shortcomings of the SM, typically leading to the production of new states in high-energy interactions.
Irrespective of their motivation, we are faced with the question of how much we can learn about dark sectors by the very fact that their interaction with visible sectors is suppressed. How much can present and future high-energy colliders contribute to a resolution of this question?
It is known that inclusive rates of Z and Higgs boson interactions, as well as new resonances in multi-Higgs final states, can be indicative of mixing effects with dark sectors [69] [70] [71] . However, depending on the complexity of mediator interactions and dark sectors, it proves very difficult to enable a comprehensive dark sector "spectroscopy" [72] [73] [74] [75] [76] [77] . In this paper we show that some information about the strong dynamics of a hidden sector can be gained by studying the momentum dependence of telltale E H + jet final states in the following, our arguments apply to any process that involves mediator production at high-energy colliders.
This work is organised as follows: We first review typical mediator scenarios and discuss in how far strong dynamics can leave visible phenomenological footprints through renormalisation group effects at colliders in Sec. II, before we focus on a minimal scenario based on Higgs portal interactions. In Sec. III we will provide sensitivity estimates of dark sector spectroscopy at the 14 and 100 TeV hadron collider and comment on the expected performance of a future lepton collider. As we will see, this will crucially depend on improved experimental systematics. In Sec. IV we connect the general discussion of Secs. II and III to the concrete case of selfinteracting dark matter and demonstrate that aspects of dark sectors can in principle be revealed by studying high-energy collisions. In case a state will be discovered that can be interpreted as a dark sector-mediator, such measurements can complement the on-going effort to construct realistic composite dark matter scenarios using lattice simulations. We summarise and conclude in Sec. V.
II. MODEL
How can the dynamics of a strong sector influence the mediator phenomenology? The answer to this question is directly related to the UV properties of a particular mediator model and, to this end, we therefore focus on UV-complete models with scalar and vector mediators. As is well known from studies of simplified dark matter models [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] , collider experiments are typically better suited to discover vector mediators with gauge-like interactions to quarks and the dark sector than scalar mediators with Yukawa-like couplings. In the vectorial case, however, the coupling to both visible and hidden sectors has to be a gauge coupling while the mass of the mediator is realised through spontaneous symmetry breaking (or a Stückelberg approach). The only possibility, therefore, is to understand the mediator interactions as part of a (Higgsed) product-group gauge theory, e.g. SM × U (1) mediator × SU (N ) dark . Resumming the logarithmic enhancements of mediator production in e.g. a monojet signature can be estimated through a leading order (LO)-improved renormalisation group calculation that replaces the fixed LO value of g with running parameter as function of the probed energy scale. The behaviour of the mediator coupling g in the vectorial case, however, is protected through Ward identities which gives rise to a one-loop renormalisation group equation (RGE)
irrespective of the dynamics in either the visible or hidden sector. Moreover, the mediator production cross section would only reflect the total contributing number of degrees of freedom to the running of g but not their interaction properties (this is exactly the situation we encounter for the SM gauge couplings). On the one hand, such effects are difficult to observe in the LHC's (and a future 100 TeV collider's) energy range unless the value of g was large enough to make the validity of perturbation theory questionable and potentially introduce a low-scale Landau pole. On the other hand the monojet cross section dominantly probes the mediator sector only, which is not the question we would like to see addressed by the measurement. The LO RGE characteristics of gauge couplings are not present for scalar mediators. This already becomes transparent from the SM RGEs, where the top Yukawa interaction behaves as µ dy
in addition to the RGE equation for the QCD coupling g 3 that now probes the strong dynamics as a consequence of Eq. (1). Therefore the combined solution of one-loop RGEs indeed dials sensitivity from the QCD sector into the behaviour of the Higgs-top interactions. This only happens at two-loop order for the gauge couplings and is, hence, suppressed in this case. This shows that if we limit ourselves to scalar mediators, we can indeed expect to observe an echo of the strong sector dynamics in the mediator cross sections. Therefore, we focus in the following on a scenario consisting of a real SM-singlet scalar φ which obtains a vev x (similar to the singlet-extended Standard Model [6] [7] [8] [88] [89] [90] ), generating mass terms for three generations of SM-singlet Dirac fermion dark quarks ψ through Yukawa interactions. These mass terms can be small while the heaviness of the IR degrees of freedom can arise from confinement in the dark sector. The full scalar potential is given by * :
The λ 3 induced mixing between φ and H generically results in interactions between the visible and dark sector mediated by the two scalar mass eigenstates h and h , and we denote the mixing angle θ, defined through (in unitary gauge): which are related to the eigenstates in the Lagrangian by a two-dimensional isometry
θ is expressed in terms of the Lagrangian parameters by
In principle we have five free parameters in the scalar sector, which we choose as m(h), m(h ), v, x, θ, but we identify h as the Higgs-like particle discovered at the LHC which fixes m(h) 125 GeV and v 246 GeV.
A. The confining SU (N ) case
Since we are interested in dark sectors with nontrivial gauge structure we introduce a new SU (N ) gauge group (under which the SM transforms as a singlet) and let the dark quarks transform in the M representation. We consider the U (1) case below.
The dark sector Lagrangian then reads
The mixing of the scalars will modify the interaction strength of the mass eigenstates with the two matter sectors: h couplings to the Standard Model are scaled by cos θ compared to the Standard Model expectation and dark sector couplings are scaled by sin θ compared to the φ, and vice versa for h . This meansψψ production is allowed through both h and h when kinematically possible (see Ref. [91] for a more detailed look at the phenomenology of a similar model). We assume Y ψ is diagonal which means we have four new parameters but motivated by the structure of the Yukawa terms in the SM we assume the third generation of dark quarks is considerably heavier than the two first ones and set the other Yukawa terms to 0, which leaves us with Y 3,3 ψ and g d . Showering and hadronisation can then occur as in QCD [59, 60] and decay to low-lying states can be achieved through additional weak interactions which will not impact the qualitative scaling behavior induced by the strong interactions in the dark sector (like in the SM sector). In total our free parameters for our study are
To illustrate the effects of RGE running from different N and M we fix most of these to generic values inspired by their SM equivalents (defined at the h pole):
= 0.7, θ = 0.5, and m(h ) = 150 GeV. This parameter point is in agreement with current constraints [92] . For our chosen benchmark of 70 GeV fermion mass production through h is kinematically suppressed and we will ignore it from now on. Also, since Br(h → ψψ) ≈ 1 current constraints from additional Higgs searches in visible channels are easily evaded.
We fix g d in two different ways: first, by setting g d = g S at the Z pole in order to map out the general features of the solutions in section III, and second, by requiring the dark IR Landau pole to be ∼0.5 GeV in order to make Λ d fall in a relevant part of parameter space for self-interacting dark matter in section IV. This second requirement could be refined by using auxiliary measurements (e.g. on the lattice) but should capture the main features we are interested in; relevant to our analysis is the comparison of the different dark sectors.
Much like the top Yukawa in the Standard Model, the β function of Y 3,3 ψ will be sensitive to the dark gauge group already at one-loop level, which is the source of the dependence on the precise form of the group of the mixing angle θ in Eq. (6), as the one-loop β functions for λ 2 , λ 3 and x all have a dependence on Y 
Here C(A) is the quadratic Casimir of the adjoint representation (= N ), T (M) is the index of M, and C(M) the quadratic Casimir of M.
Taking the Standard Model as a guiding example, it is also reasonable to expect an SU (N ) to capture the most important RGE effects even when the gauge group is enlarged, and hence this study should have some applicability beyond the simple scenario we consider here.
We also consider a model with a dark U (1) symmetry which the now complex φ is charged under, hence generating a mass term for the new gauge boson using the extra scalar degree of freedom. To avoid anomalies we have to introduce an additional dark fermion field and we choose the charges as
This gives us a theory which is similar to the one introduced above but which is not confining and has a Yukawa-like interaction potential between the dark fermion fields. Note that we will refer to the gauge coupling in the U (1) model as g in contrast to g d in the non-Abelian case. Much like in the non-Abelian case we assume only the heaviest fermion with a mass of 70 GeV is relevant for our RGE calculation and set all other Yukawa terms to 0, and keep all other parameters the same. We also assume there is no kinetic mixing between the dark U (1) and U (1) Y . The renormalisation group equations for this model are given below. Note that we have changed the normalisation of the φ field to that of a complex scalar field, and include a factor of 1/ √ 2 when expanding around x (leading to factor of 2 difference for terms involving squared Yukawas).
The RGEs for this model read [93] [94] [95] µ dg dµ = 13 12
µ dY
III. RESULTS
We use Sarah [96] in order to obtain the relevant β functions at one loop for the described scenarios (checked against the general forms given in [95] ), and solve these for the given boundary conditions. † These are then used to calculate the running of the mixing angle, which is then passed on to a FORTRAN implementation of a full leading-order pp → h j parton-level event generator based on Vbfnlo [97] and FormCalc [98, 99] , arriving at a one-loop RGE-improved parton-level calculation which is typically used in QCD LO calculations. Finally we take the branching ratio Br(h → ψψ) into account as a flat rescaling at the Higgs masses, which corresponds to the advocated prescription of the Higgs Cross Section † Sarah also calculates the two-loop β functions on demand but we do not use these to keep the dependence on N and M completely transparent as detailed in (9a)-(9e). We have checked that including two-loop effects does not change the results presented here.
Working Group [100] . Throughout, the scale in the calculation is set to p T (h ), which is a motivated relevant scale for the logarithmically enhanced modifications of the cross section at large momentum transfers. of data. The U (1) result uses g(MZ ) = 0.1. The statisticsonly uncertainty on the ratio is calculated by estimating the statistical uncertainty on the signal strength in both cases and propagating these through to the ratio. For a CLs test based on the missing energy distribution see below.
FIG. 3: 100
TeV signal and background distributions that feed into the confidence level calculation detailed in the text.
and 100 TeV hadron colliders
We estimate the monojet background by generating pp → (Z → νν)j parton-level events and scaling this by a factor of 1.5 to get an estimate of the total background following Ref. [101] . ‡ In order to get a handle on the strong sector dynamics, we need to study the energy dependence of exclusive cross sections. Concretely this means we need to determine how an excess in the monojet channel scales as a function of E miss T when such a signal can be extracted from the background. This will allow us to make a statement about the likely gauge structure of the dark sector if different dark gauge groups indeed predict a statistically relevant deviation in a comparison. The relative scaling of the cross section as a function of missing E miss T for different gauge groups and different representations of SU (5) is given in Fig. 2 . Due to our choice of scale the behaviour will be exactly the same at all center-of-mass energies.
The constraints from single Higgs phenomenology enforce a small mixing angle for SM-like Higgs measurements, which act as a boundary condition to the RGE flow. We therefore find for our parameter point that the absolute cross sections at 14 TeV are too small for a measurement to be made even with the full HL-LHC data set. § The cross sections at a 100 TeV proton-proton collider ‡ While mismeasured lepton (W → νl)j events are important and slightly change the scaling with energy of the background, this rescaling should be conservative for our purposes as backgrounds at larger E miss T will be over-estimated. § By changing the parameters, however, we could indeed maximise the potential of the HL-LHC at the price of creating further tension with Higgs signal strength measurements. We do not discuss this case in detail as it is likely to be challenged by run 2 analyses. given in Table I are large enough to offer an opportunity to make a measurement of the running of θ using a data set of 10 ab −1 . Given the expected small mixing angle, the largest experimental challenge will undoubtedly be the reduction of the systematic uncertainties of the measurements by over an order of magnitude compared to the recent 8 and 13 TeV monojet analyses by ATLAS and CMS [101] [102] [103] [104] . The impeding factor of a 14 TeV analysis, i.e. the smallness of the expected signal cross section as well as a limited data set will be overcome at a 100 TeV machine, where the signal cross sections are large enough to gather very large statistics with the aim to use data-driven, as well as multivariate techniques, which essentially remove the background uncertainties to a very large extent. Using an extrapolation from the low-missing-energy regime is not straightforwardly possible since the low-missing-energy phase space region receives a contribution from signal events, and is not entirely background dominated. However, Z boson data can be extrapolated from visible Z → e + e − and γ + jet subsidiary measurements at essentially zero statistical uncertainty (note that all involved couplings are gauge couplings following (1)), which essentially allows us to directly infer the dominant Z(→ νν) + jet distribution completely using data-driven techniques. Similar techniques were used already for 8 TeV analyses, e.g. [105] (see also [106] [107] [108] [109] [110] [111] for related theoretical work). Since the detector layout of a 100 TeV machine is likely to change towards an improved electromagnetic calorimeter coverage [112, 113] , this mapping from (Z → e + e − ) + jet and γ + jet could also be performed without relying on an extrapolation into the jet-acceptance region beyond the lepton and photon acceptance regions |η| < 2.5 that is imposed by the current LHC setup.
In the likely case that we can gain excellent control over the background distribution in a data-driven approach (i.e. assuming only statistical uncertainties), we can expect a 5σ discovery threshold of 100 fb
using a binned log-likelihood approach (as detailed in
Refs. [114, 115] ) based on the missing energy distribution for the SU (2) running, although the signal vs. background ratio is small. Discriminating the SU (2) from the SU (20) hypothesis, for instance, should then be possible at 95% CLs [116] for L 1.6 ab −1 (assuming statistical uncertainties only, Fig. 4 ). Similar conclusions hold for discriminating large non-Abelian groups against the U (1) scenario (at slightly smaller integrated luminosities).
Probing dark sectors through h couplings
Since our SM-like scalar h has its couplings scaled by cos(θ) we could in theory also use these to investigate the structure of the dark sector. Measuring θ at m h is straightforward (current measurements already put some tension on our parameter point), after which the scaling could be investigated through a similar analysis as above but using cleaner and better understood visible decay channels, with larger cross sections. However, the issue with such a measurement is that θ generically runs to smaller values and hence towards the maximum of cos θ where derivatives vanish; at small θ 1,2 , cos(θ 1 )/ cos(θ 2 ) ∼ 1. At our parameter point we find cross section differences of up to 30% between SU (2) and SU (20) at a scale of 1 TeV when looking at production scaled by sin(θ) 2 (running away from the minimum), but these differences shrink to about 1% when scaling by cos(θ)
2 . At smaller values of θ(m h ) this problem is further worsened and already with θ(m h ) = 0.1 one needs to investigate differences of O(0.01%), which is challenging the sensitivity range of a future lepton collider [117, 118] .
A note on future lepton colliders At a future lepton collider the two dominant production mechanisms for h would be h -strahlung and W W fusion. h -strahlung is a threshold effect and would as such be inherently insensitive to the running of θ. W W fusion dominates at higher √ s and does in theory feel the running of θ but since the final state would be h νν, a measurement would have to rely on a radiated photon leading to cross sections of the order of O(1 − 10 fb) for √ s = 500 − 1000 GeV for unpolarised e + e − beams, making a measurement dependent on extremely large integrated luminosities. However, thanks to the controlled kinematics at a lepton collider, the dominant background (Z → νν)γ peaks strongly at E γ = E Z = E beam for E beam m Z , whereas the signal peaks below E γ < m h , which allows for an almost background-free analysis before detector effects are taken into account. The choice of scale here is not straightforward and we can expect non-RGE electroweak effects to play a significant role. Although this channel provides a clean avenue to test the hypothesis, RGE analyses alone cannot obtain a reliable estimate of the sensitivity.
IV. POTENTIAL RELATION WITH SELF-INTERACTING DARK MATTER
The DM self-interaction cross section is measured at a very large and mass-dependent value σ/m 1.3 b/GeV [119] . Such large cross section can of course be achieved by going to very small mass scales in the perturbative regime (see e.g. Ref. [120] ) and our U(1) discussion of the previous section is therefore directly relevant for these scenarios.
Cross sections of this size are not unusual in strongly interacting confined theories such as QCD, and we focus on this possibility in the following in detail. While the non-Abelian theories we have discussed so far are asymptotically free, explaining the relatively large characteristic decrease at large momentum transfers, they will confine at low scales to giving rise to a series of hadronic states in the dark sector. The details are highly dependent on the respective fermion and gauge symmetry content and the details as well as the existence of realistic confining theories can only be clarified by lattice simulations. However, we can obtain a qualitative estimate of whether such theories can reproduce self-interacting dark matter scenarios by means of chiral perturbation theory (χPT). To this end we assume that the self-interaction cross section is dominated by nonrelativistic pion scattering, well below the energy scales of other dark hadronic resonances. This will provide an estimate of the validity range of such scenarios and give us an idea if our previous discussion is relevant for self-interacting dark matter scenarios without making a particular reference to modified velocity distributions of the dark matter halo, which are likely to be found in theories with complex interactions [52, 52, 53] . Modifications from both corrections due to additional hadronic contributions to the cross section as well as a modified dark matter profile will change our numerical outcome, but can be compensated at least numerically by changing the fundamental parameters of χPT, which needs to be confirmed by lattice investigations.
The pion dynamics is completely determined by a [SU (N ) × SU (N )]/SU (N ) nonlinear sigma model describing the coset field Φ(x) with dark pion decay constant fπ
Analogous to QCD we assume the pion to be the lightest hadronic state in the spectrum; if no additional gauged U (1) symmetry is present in the dark sector this state will remain stable. ¶ The interactions that we consider ¶ Quasi-singularities exist which could potentially lead to a large CP violation effect through interactions mediated by 't Hooft vertices. These involve coherent dark quark fields which are difficult to maintain at high temperatures in the early Universe and therefore SM follow from expanding the non-linear sigma model
and by identifying the dark pion with the uncharged pion analogous to QCD we arrive at
where the ellipsis refers to higher-order terms in the χPT expansion as well as interactions of other states. With this Lagrangian we can compute the self-interaction cross section straightforwardly (we have cross-checked our results against implementations with FeynRules [121] and FormCalc [98, 99] ) and obtain in the nonrelativistic limit
which we can use to gauge whether self-interaction cross sections can be obtained from theories that show similarities with QCD (we assume the mass to be generated through a small explicit chiral symmetry violation analogous to QCD). With naive dimensional analysis [122] (NDA), we can furthermore limit the parameter range of the dark pion decay constant given its mass. The mass needs to be smaller than the NDA cutoff m < Λ dark 4πfπ and pion scattering needs to be in agreement with the observed self-interaction cross section of σ/m 1.3 b/GeV. This locates the cutoff of the theory between 0.2 GeV 4πfπ 0.8 GeV for pion masses m < 0.8 GeV. Matching the Landau pole of the running of the dark sector strong interaction to this energy scale then allows us to make a projection of the impact of the running at large momentum transfers in the light of our discussion of Sec. III. The results are given in Fig. 5 . As can be seen from Eq. (15), if the self-interaction cross section is indeed dominated by the low-energy pion interactions, the cross section alone does not contain information about the strong dynamics as such (provided that the symmetry-breaking pattern indeed produces a spectrum that matches our assumptions). If this is the case, the only way to perform spectroscopy of the described scenario is through studies of the momentum dependence of the fundamental parameters of the dark sector UV theory. Since dark-gluon production is not directly accessible, an investigation through portalinteractions whose presence can be established through additional resonance searches is vital to gain information about the potential presence of such a sector given the discovery of an additional scalar which is compatible with a Higgs mixing scenario.
baryogenesis is hard to explain by communicating dark baryogenesis to the visible sector. Although our main focus is the general behavior of general strongly interacting dark sectors and their spectroscopy using Higgs mixing, models with self-interacting hidden sectors should also reproduce the correct measured relic density Ω DM h 2 ≈ 0.12 to be viable dark matter candidates. Our setup is flexible and allows for thermal freeze-out to occur either through standard annihilation into the SM, through number-changing 3 → 2 interactions between the dark pions as in [123, 124] (subject to the conditions detailed in this work), or a combination of the two, depending on the details of the chosen parameter point.
There is also the possibility that glueballs make up most of the relic density instead of the pions as qualitatively discussed above. Since our discussion involves asymptotically free dark sectors, the analyses of [41, 125] are applicable in this case: on the one hand, the correct relic density can be achieved by tuning the ratio of the visible and dark sector temperatures, which, however, requires an extremely small mixing. Under these circumstances the discovery of the additional scalar be-comes impossible. On the other hand, if both sectors are in thermal contact through non-negligible mixing angles, we need to rely on additional (supersymmetric) dynamics to make the model cosmologically viable [41] . Our discussion does not apply in these cases straightforwardly and we leave an analysis of supersymmetric extensions to future work.
V. SUMMARY AND CONCLUSIONS
Dark sectors are SM extensions motivated to tackle a plethora of unexplained phenomenological observations that require physics beyond the SM. Their appeal from a model-building perspective comes at the price of a naturally suppressed phenomenological sensitivity yield in terrestrial experiments such as colliders. In this paper, using RGE-improved calculations, we have motivated that studying the energy dependence of scalar mediators, produced at a future hadron collider and decaying invisibly, can be utilised to gain some insights into the nature of the hidden sector, in particular because data-driven methods will be available for large data sets of 10 ab −1 . Gaining excellent systematic control over the backgrounds well beyond the current expectations of theoretical as well as experimental uncertainties will be crucial to obtain these insights into strongly interacting dark sectors, which can complement other lattice investigations.
We have used this rather general observation for the concrete case of self-interacting dark matter, whose large cross section can be naturally explained by strong dynamics. If the strongly interacting dark matter scenario turns out to be true and its relation to the TeV scale through e.g. Higgs mixing becomes favoured, then the described approach will be a unique collider-based strategy that provides insight into a strongly interacting sector (supplied by calculations of finite corrections which are not governed in our RGE-based approach), albeit remaining experimentally challenging.
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